Summary Hypertension is becoming an important health problem in many countries. The 'small baby syndrome hypothesis' suggests that an inverse linear relationship exists between birth weight and later risk of hypertension; however, this relationship is under debate. We conducted a meta-analysis to examine the association between birth weight and subsequent blood pressure. Among 78 studies reporting on the association between birth weight and subsequent blood pressure, 20 articles (reporting 27 original studies) were eligible for inclusion. Low birth weight (< 2500 g) compared with birth weight greater than 2500 g was associated with an increased risk of hypertension (odds ratio [OR] 1.21; 95% confidence interval [CI] 1.13, 1.30); high birth weight (> 4000 g) compared with birth weight less than 4000 g was associated with a decreased risk of hypertension (OR 0.78; 95% CI 0.71, 0.86). When low birth weight (< 2500 g) was compared with birth weight greater than 2500 g, mean systolic blood pressure (SBP) increased by 2.28 mmHg (95% CI 1.24, 3.33); when high birth weight (> 4000 g) was compared with birth weight less than 4000 g, mean SBP decreased by 2.08 mmHg (95% CI -2.98, -1.17). These findings indicate that there is an inverse linear association between birth weight and later risk of hypertension, and that this association primarily exists between birth weight and SBP. © 2011 Elsevier Masson SAS. All rights reserved. 
Introduction
Hypertension is one of the most important risk factors for CVD [1] and the second leading cause of death in China [2] . In China, people with hypertension were five times more likely to develop stroke than those with normal blood pressure [3] . In Western populations, 30% of total mortality attributable to CVD could be prevented if blood pressure could be reduced by 10 mmHg [4] . Although extensively studied, the aetiology of hypertension cannot be fully explained by genetic factors and adulthood risk factors, such as age, body mass index, physical activity and cigarette smoking [3, 5] . It has been suggested that factors related to the intrauterine and postnatal environments may contribute to the development of hypertension [5] . Intrauterine development may 'programme' foetal anatomy, physiology and metabolism, and thus may affect the risk of diseases, including hypertension, in later life [6] [7] [8] . This hypothesis has been evaluated in animal models and low birth weight (BW) or intrauterine nutrition deficiency was found to be associated with high blood pressure and/or resulted in adult hypertension [9] [10] [11] .
Barker et al. have suggested that there may be developmental periods in utero and in infancy during which inappropriate nutrition and poor growth lead to long-term consequences for adult CVD [12, 13] . Blood pressure in adults is typically inversely associated with BW [12, 14] . This inverse relationship has also been described in childhood, once adjustment is made for current size [15] . Subsequently, a number of studies found an association between low BW and increased risk of adult hypertension. Most researchers claimed that babies who were born short and thin had an increased risk of hypertension in subsequent life [16] [17] [18] .
Many authors have claimed that the relationship between BW and later blood pressure is inversely linear [17, [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] , which implies that high BW would lead to a decreased risk of hypertension. However, some researchers found that BW had little effect on subsequent blood pressure [32, 33] or found an increased risk of hypertension in subjects with low BW and those with high BW [34, 35] . Some studies that found an inverse linear association between BW and subsequent blood pressure used a classification of BW that differed to that in the present study. In one meta-analysis by Huxley et al. [36] , mean BW was used. We divided BW into less than 2500 g versus greater than 2500 g and greater than 4000 versus less than 4000 g, thus performing a meta-analysis with a different classification to further validate the relationship between BW and subsequent blood pressure.
Methods

Literature search strategy
PubMed and ScienceDirect databases were searched for articles published between 1995 and 2011. We used the terms 'birth weight', 'intrauterine growth restriction', 'hypertension', 'blood pressure', and 'cardiovascular diseases' in the full-text option. Furthermore, we manually searched all references cited in the original studies and reviews identified. In total, 78 studies reported on the association between BW and subsequent blood pressure.
Studies included and excluded criteria
To be eligible, a study had to fulfil the following criteria: it had to be an original report on the relationship between BW and blood pressure; and odds ratios [ORs] and 95% confidence intervals [CIs] (or the data with which to calculate them) for hypertension or blood pressure values had to be presented. Alternatively, BWs could be reported as categorical data with a certain range (e.g., < 2500 g, > 2500 g, > 4000 g, < 4000 g, etc.). Papers were excluded for the following reasons:
• if the title and abstract clearly did not contain data on BW and hypertension or blood pressure; • if there were insufficient dichotomous data on BW and hypertension or blood pressure; • duplicate;
• if there was no measure of BW;
• if the paper was a review or commentary article;
• if the paper reported data using different BW categories.
Quality assessment
The Newcastle-Ottawa quality assessment scale was used for quality assessment [37] . Ten questions were assessed and each satisfactory answer received 1 point, resulting in a maximum score of 10. Only studies for which the majority of questions were deemed satisfactory (i.e. with a score of 6 or higher) were considered to be of high methodological quality.
Assessment of heterogeneity
The chi-square test was used to test for heterogeneity across studies. A random-effects model was used to account for possible heterogeneity between studies, which defaulted to a fixed-effects model approach in the absence of heterogeneity [38] . A P value < 0.05 was considered significant.
Statistical analysis
Statistical analysis was conducted using Review Manager, version 5.0 (Nordic Cochrane Centre, Copenhagen, Denmark). ORs were pooled for dichotomous outcomes from each study, Means ± standard errors were pooled for continuous variables from each study and the 95% CI for each outcome was estimated to reflect the uncertainty of point estimates. Sensitivity analysis was performed to determine whether differences in statistical methods, study design, sample size and quality grade of the study affected study conclusions. Publication bias was assessed by inspection of the funnel plot and by formal testing for funnel plot asymmetry using Begg's test and Egger's test [31] . These calculations were carried out using Stata/SE, version 10 (Stata Corp., College Station, TX, USA).
Results
Overview of studies included in the systematic review and meta-analysis
Among 78 studies reporting on the association between BW and subsequent blood pressure, the following were excluded for the following reasons ( Fig. 1 ): title and abstract clearly did not contain data on BW and hypertension or blood pressure (n = 24); did not provide sufficient dichotomous data on BW and hypertension or blood pressure (n = 12); duplicates (n = 5); no measure of BW (n = 7); reviews or commentary articles (n = 7); reported data using different BW categories (n = 3). A total of 20 original articles reporting 27 original studies were identified [17, [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [32] [33] [34] [35] [39] [40] [41] [42] (one article [40] described six studies and one article [17] described three studies); the studies comprised 14 cohort studies [17, 20, 22, 24, 25, 29, 30, 32, 34, 35, [39] [40] [41] [42] , four casecontrol studies [23, 26, 27, 33] and two cross-sectional studies [21, 28] . Study characteristics are displayed in Table 1 . The quality of each study, in terms of population and sampling methods, description of exposure and outcomes, and statistical adjustment of the data, is summarized in Appendix 1. Thirteen articles reporting 20 original studies received scores of 6 or higher on the Newcastle-Ottawa quality assessment scale and were considered to be of high methodological quality [17, 20, 22, 24, 25, 29, 30, 32, 33, 35, [40] [41] [42] (Appendix 1).
Meta-analysis
Nine studies analysed the risk of hypertension in subjects with low BW (< 2500 g) compared with subjects with BW greater than 2500 g. Data from these studies were assessed using the fixed-effects model ( 2 = 5.20; P = 0.74; I 2 = 0%) and the results of this analysis revealed a positive association between low BW and hypertension (OR 1.21; 95% CI 1.13, 1.30; P < 0.0001; Fig. 2 ). Fig. 3 shows the forest plot for risk of hypertension in subjects with high BW (> 4000 g) compared with subjects with BW less than 4000 g. This effect was assessed using the fixedeffects model ( 2 = 2.43; P = 0.66; I 2 = 0%) and the results of this analysis revealed a negative association between high BW and hypertension (OR 0.78; 95% CI 0.71, 0.86; P < 0.0001).
Figs. 4 and 5 indicated that subjects with low BW (< 2500 g) had a higher systolic blood pressure (SBP) than subjects with BW greater than 2500 g (the total mean SBP increased by 2.28 mmHg; 95%CI 1.24, 3.33; P < 0.0001) and that subjects with high BW (> 4000 g) had a lower SBP than subjects with BW less than 4000 g in the random-effects model (the total mean SBP decreased by 2.08 mmHg; 95%CI -2.98, -1.17; P < 0.0001).
There was a weaker association between BW and diastolic blood pressure (DBP) (Figs. 6 and 7): low BW (< 2500 g) was associated with increased DBP compared with BW greater than 2500 g (mean increase 1.01 mmHg; 95% CI 0.19, 1.83; P = 0.02) in the random-effects model. In contrast, high BW (> 4000 g) was associated with decreased DBP compared with BW less than 4000 g (mean decrease -0.37 mmHg; 95% CI -1.19, 0.45; P = 0.37) in the random-effects model.
Sensitivity analysis
To further investigate the association between BW and SBP, we performed a sensitivity analysis. However, age, the . The mean differences in systolic blood pressure in subjects with low birth weight (< 2500 g) compared with subjects with birth weight greater than 2500 g, in a meta-analysis. Studies are ordered alphabetically by first author. The pooled mean differences were calculated by means of a random-effects model; 95% confidence intervals (CIs) are shown in parentheses and as horizontal bars. IV: inverse variance; SD: standard deviation. Figure 5 . The mean differences in systolic blood pressure in subjects with high birth weight (> 4000 g) compared with subjects with birth weight less than 4000 g, in a meta-analysis. Studies are ordered alphabetically by first author. The pooled mean differences were calculated by means of a random-effects model; 95% confidence intervals (CIs) are shown in parentheses and as horizontal bars. IV: inverse variance; SD: standard deviation. Figure 6 . The mean differences in diastolic blood pressure in subjects with low birth weight (< 2500 g) compared with subjects with birth weight greater than 2500 g, in a meta-analysis. Studies are ordered alphabetically by first author. The pooled mean differences were calculated by means of a random-effects model; 95% confidence intervals (CIs) are shown in parentheses and as horizontal bars. IV.: inverse variance; SD: standard deviation. Figure 7 . The mean differences in diastolic blood pressure in subjects with high birth weight (> 4000 g) compared with subjects with birth weight less than 4000 g, in a meta-analysis. Studies are ordered alphabetically by first author. The pooled mean differences were calculated by means of a random-effects model; 95% confidence intervals (CIs) are shown in parentheses and as horizontal bars. IV.: inverse variance; SD: standard deviation. method of obtaining data on BW, race and study design had an effect on the BW/SBP association. When comparing low BW (< 2500 g) with BW greater than 2500 g, the BW/SBP association was more obvious when BW was recorded from medical records, when age was greater than 35 years, in case-control studies and in studies of white subjects. In contrast, when comparing high BW (> 4000 g) with BW less than 4000 g, the BW/SBP association was more obvious when BW was recorded from an interview, when age was greater than 35 years, in cohort studies and in cross-sectional studies. As these variables had a strong impact on the BW/SBP association, their differences may partially explain the observed heterogeneity between studies (Appendix 2).
Publication bias
Inspection did not reveal an obvious effect of publication bias and Egger's test for publication bias was not statistically significant (P = 0.175 for studies comparing BW < 2500 g with BW < 2500 g, Appendix 3; P = 0.452 for studies comparing BW > 4000 g with BW < 4000 g, Appendix 4).
Discussion
Many studies have reported an association between BW and later diseases, including diabetes, coronary heart disease and hypertension. Some scholars presume that there is a U-shaped association between BW and subsequent risk of type 2 diabetes [33, 43, 44] , and that there is an inverse linear association between BW and later risk of hypertension [35, 42] , That is to say, as BW increases, the prevalence of adult hypertension decreases gradually. In our study, subjects with high BW had lower hypertension prevalence in later life but more studies are needed to confirm the view that high BW is associated with decreased risk of later hypertension.
The reason why low BW would increase the risk of adult hypertension is not yet clear. Although some investigations have not detected evidence to support the low BW theory, most reports support this concept to some degree. Reviews that have examined the results of multiple studies that, collectively, included thousands of subjects, estimate that a 1 kg increase in BW is associated with a 2-4 mmHg reduction in SBP [14, 36] . Based on their reviews, these authors have proposed that the findings of statistically significant inverse relationships between BW and later blood pressure may be confounded by the effects of random error, particularly in the ascertainment of BW. Other confounders included the selective emphasis of particular results and inappropriate adjustment for current weight. These authors concluded that BW, as a surrogate measure of the intrauterine environment, had little, if any, relationship to blood pressure level later in life. Low BW is a marker of poor foetal nutrition. Barker et al. suggested that the foetus would reprogram to adapt to deleterious situations in order to survive poor intrauterine nutrition, which would increase the risk of having hypertension in later life [45, 46] . Another suggested mechanism is that common genetic factors could underlie both foetal development and later disease risk or related traits, thereby producing an inverse association between BW and SBP; this hypothesis was supported by a recent Swedish study [47] .
Epidemiological evidence accumulated over the past two decades has demonstrated a significant association between low BW and subsequent adult hypertension, diabetes and CVD [19, 48, 49] . Suboptimal intrauterine nutrition would restrict foetal growth and result in lower BW. Thus, low BW has become the clinical marker of an adverse intrauterine environment and a possible risk factor for future chronic diseases [50, 51] .
The principal limitation of this study was the use of potentially biased evidence. No studies met all of the Newcastle-Ottawa criteria. However, 20/27 studies met at least 6/10 criteria. Sensitivity analyses also demonstrated that the study quality (scored as total number of points out of 10) had a strong impact on the BW/blood pressure association. Low quality grade studies increased interstudy heterogeneity. Some studies reported a correlation for men but not women, which was inconsistent with our findings. Further research is needed to unequivocally determine whether sex affects the BW/blood pressure association.
In the included studies, BW was determined using several different methods, ranging from measured or reported values at birth or shortly after birth to questionnaires and interviews administered at different postnatal ages with different recall periods. As a consequence, the data included in this meta-analysis may suffer from differing degrees of completeness and accuracy. We have performed a sensitivity analysis to compensate for the heterogeneity of the data; however, these limitations must be noted, and the results should be considered with caution.
Conclusions
In conclusion, we find that there is an inversely linear association between BW and risk of adult hypertension. This association primarily appears to be between BW and SBP.
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Appendix 2. Birth weight and systolic blood pressure (SBP): sensitivity analysis (random effects model).
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